In animals and fungi, cytoplasmic dynein is a processive motor that plays dominant 25 roles in various intracellular processes. In contrast, land plants lack cytoplasmic dynein 26 but contain many minus-end-directed kinesin-14s. No plant kinesin-14 is known to 27 produce processive motility as a homodimer. OsKCH2 is a plant-specific kinesin-14 with 28 an N-terminal actin-binding domain and a central motor domain flanked by two 29 predicted coiled-coils (CC1 and CC2). Here, we show that OsKCH2 specifically 30 decorates preprophase band microtubules in vivo and transports actin filaments along 31 microtubules in vitro. Importantly, OsKCH2 exhibits processive minus-end-directed 32 motility on single microtubules as individual homodimers. We find that CC1 but not CC2 33 forms the coiled-coil for OsKCH2 dimerization. Instead, CC2 functions to enable 34 OsKCH2 processivity by enhancing its binding to microtubules. Collectively, these 35 results show that land plants have evolved unconventional kinesin-14 homodimers with 36 inherent minus-end-directed processivity that may function to compensate for the loss of 37 cytoplasmic dynein. 38 39 40 41 42 43 44 45 46 47
Introduction
We first performed an ensemble microtubule-gliding assay to determine its directionality 139 ( Fig. 2c ). Briefly, GFP-OsKCH2(289-767) molecules were anchored on the coverslip via 140 an N-terminal polyhistidine-tag, and the directionality of GFP-OsKCH2(289-767) was 141 deduced from the motion of polarity-marked microtubules. The assay showed that OsKCH2(289-767) behaved like a minus-end-directed kinesin motor, as polarity-marked 143 microtubules were driven to move on the coverslip surface with the brightly labeled plus 144 ends leading ( Fig. 2d , and Supplementary Movie 2). To directly observe the motility of 145 individual GFP-OsKCH2(289-767) molecules on surface-immobilized polarity-marked 146 microtubules, we performed a single-molecule motility assay ( Fig. 2e ). The assay 147 showed that, contrary to the notion that kinesin-14s are commonly nonprocessive Recent studies have shown that as few as two nonprocessive kinesin-14 155 molecules could couple to achieve minus-end-directed processive motility on single 156 microtubules 15,40 . To rule out that GFP-OsKCH2(289-767) achieved processive minus-existed primarily as a homodimer in solution, as it was photobleached in a pattern 162 similar to other dimeric kinesins 15 and predominantly with a single step or two steps 163 ( Fig. 3a, b) , Consistent with the photobleaching assay, the sucrose gradient assay 164 showed that GFP-OsKCH2(289-767) migrated with a mean sedimentation coefficient of 165 8.26 S (Fig. 3c ), which yielded a molecular weight (MW = ~178 kDa) approximately 166 twice that of a monomeric GFP-OsKCH2(289-767) (MW = 82.1 kDa). Second, we 167 modified GFP-OsKCH2(289-767) to generate GFP-OsKCH2(289-767) T , which contains 168 an insertion of the coding sequence for a GCN4 parallel tetramer motif 41 between GFP 169 and OsKCH2 ( Supplementary Fig. 4a ). In a recent study 15 Supplementary Fig. 4f ). While the velocity of GFP-OsKCH2(289-767) T was 182 nearly the same as that of GFP-OsKCH2(289-767), its run-length was >3.5 times longer 183 than that of GFP-OsKCH2(289-767). Collectively, these results show that the observed 184 9 minus-end-directed processive motility for GFP-OsKCH2(289-767) is not due to 185 inadvertent motor coupling and/or clustering, but rather is an intrinsic behavior of the 186 motor as a homodimer.
187
OsKCH2 is dimerized via the upstream coiled-coil CC1 188 The motor domain of GFP-OsKCH2(289-767) is flanked by a pair of putative coiled-189 coils, CC1 and CC2 ( Fig. 2a ). We thus wanted to ascertain whether CC1 and CC2 both 190 are required for forming the GFP-OsKCH2(289-767) homodimer. To address this, we 191 engineered GFP-OsKCH2(368-767) and GFP-OsKCH2(289-720) lacking CC1 and CC2 192 respectively ( Fig. 3d ), and performed the sucrose gradient centrifugation assay to 193 determine their oligomerization. The assay showed that the CC1-less OsKCH2(368-767) migrated as a monomer with a mean sedimentation coefficient of 195 4.14 S, whereas the CC2-less GFP-OsKCH2(289-720) migrated as a dimer with a 196 mean sedimentation coefficient of 7.52 S (Fig. 3e ). Thus, CC1 but not CC2 is both 197 necessary and sufficient for the formation of an GFP-OsCH2(289-767) homodimer.
198
The processive motility of OsKCH2(289-767) is enabled by CC2 199 As an additional control of our motility assays, we also determined the motility of GFP- show that CC2 is required for OsKCH2(289-767) to achieve processive motility on 222 single microtubules.
223
Several kinesins are known to achieve processive motility on single microtubules 224 via nonmotor microtubule-binding domains 17, 19, 43 . Given that CC2 in OsKCH2 contains 225 quite a number of positively charged residues ( Supplementary Fig. 6 ), we wanted to 226 determine whether CC2 could function as a nonmotor microtubule-binding domain. To 227 do that, we created a fusion protein GST-OsKCH2(721-767) containing the majority of 228 the CC2 region for an in vitro microtubule co-sedimentation assay (Fig. 4c ). The assay 229 11 showed that purified CC2 only weakly interacted with the microtubule in both high and 230 low ionic strength buffer conditions ( Fig. 4d,e ). However, when we performed a 231 microtubule co-sedimentation assay to compare the microtubule binding of GFP-232 OsKCH2(289-767) and GFP-OsKCH2(289-720), we found that GFP-OsKCH2(289-767) 233 bound to the microtubule much more strongly than GFP-OsKCH2(289-720) ( Fig. 4f,g) .
234
Based on these observations, we additionally engineered a quadruple mutant of the 235 processive GFP-OsKCH2(289-767) to replace the last four positively charged residues 236 to the neutral alanine (GFP-K760A/R761A/R764A/R766A, Supplementary Fig. 7a ). We 237 found that the quadruple mutant retained the ability to collectively glide microtubules 238 with minus-end-directed motility ( Supplementary Fig. 7b , and Supplementary Movie 10), 239 but lacked the ability to move processively on single microtubules ( Supplementary Fig.   240 7c, and Supplementary Movie 11) and displayed significantly reduced microtubule-241 binding affinity ( Supplementary Fig. 7d ) compared to the processive GFP-OsKCH2(289-242 767) ( Fig. 4f ). Collectively, these results show that CC2 enables OsKCH2(289-767) for 243 processive motility on the microtubule by enhancing its microtubule-binding affinity likely 244 via those positively charged residues. 245 CC2 substitution enables OsKCH1 for processive motility 246 We next asked how the motility of OsKCH1 would be affected when its CC2 is 247 substituted with that from OsKCH2. To that end, we engineered GFP-OsKCH1/KCH2, a 248 chimera derived from GFP-OsKCH1(292-744) by replacing its CC2 with that of OsKCH2 OsKCH1/KCH2, and the results showed that GFP-OsKCH1(292-744) bound to the 261 microtubule much more weakly than the GFP-OsKCH1/KCH2 chimera ( Fig. 5f ).
262

Discussion
263
To summarize, we have revealed an unexpected finding that OsKCH2(289-767), a intrinsic minus-end-directed processive motility, which could potentially function to 271 compensate for the lack of cytoplasmic dynein 20,33 . 272 We have further shown that the putative coiled-coil region CC2 (residues 718-766) 273 does not form an authentic coiled coil to contribute to the dimerization of a GFP-
274
OsKCH2(289-767) dimer but instead plays an indispensable role in its processive 275 13 motility on single microtubules, as GFP-OsKCH2(289-720) -a truncation construct that 276 lacks CC2 -still forms a dimer ( Fig. 3e ) but fails to exhibit processive motility on the 277 microtubule ( Fig. 4b ). We find that CC2 apparently enables GFP-OsKCH2(289-767) 278 processivity on single microtubules by enhancing its microtubule binding ( Fig. 4f,g ).
279
How is CC2 able to enhance the affinity to microtubules for GFP-OsKCH2(289-767)? 280 One possibility is that CC2 functions as an ATP-independent microtubule-binding site.
281
In this case, while the motor domain and CC2 of OsKCH2 individually exhibit weak 282 binding to microtubules ( Fig. 4d ,g), they are able to synergistically achieve tighter OsKCH2 and its processivity-deficient mutants will be important next steps toward 319 revealing its cellular functions and the physiological relevance of its processivity. Given 320 that among all kinesin-14 motors from A. thaliana and O. sativa, OsKCH2 is more 321 related to the A. thaliana KCH protein AtKP1, it would be interesting to investigate 322 whether AtKP1 retained inherent minus-end-directed processive microtubule-base 323 motility during the speciation process. antibody was then purified as described previously 52 .
372
Root tips were excised from three day-old rice seedlings grown in dark. They were 373 fixed and processed for immunofluorescence as described previously 53 . In addition to Red.
380
Taxol-stabilized microtubules 381 Taxol-stabilized polarity-marked microtubules with bright plus-ends were prepared 382 as previously described 54 . To make the polarity-marked microtubules, a dim tubulin mix Bioscience) at 37 o C for 2 hours to make dim microtubules, and then centrifuged at All time-lapse imaging assays were performed at room temperature using the Axio
407
Observer Z1 objective-type TIRF microscope (Zeiss) equipped with a 100x 1.46 NA oil-408 immersion objective and a back-thinned electron multiplier CCD camera (Photometrics).
409
All microscope coverslips were functionalized with biotin-PEG as previously described 
